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ABSTRACT

Analysis of experimental pressure distributions and force and
moment coefficients for a 9-deg half-angle spherically blunted cone at
M, ~ 18 and « = 0 to 20deg is presented based on an ideal gas (v = 1.4}
three-dimensional characteristics solution developed by General Applied
Sciences L.aboratory (GASL). Comparisons are also made with pre-
dictions based on modified Newtonian theory. Pressure distributions
along the windward and leeward streamlines were well predicted by the
results from the GASL program at a - 10deg. For e < 10deg, comparison
with the experimental data indicated differences attributed to viscous
effects. For « > 10deg the numerical results were affected by necessary
program modifications on the leeward side. Radial pressure distribu-
tions along the body surface from the GASL results showed the develop-
ment of low pressure "'wells' in the leeward region at « » 10deg, Similar
distributions along a constant entropy surface within the inviscid shock
layer indicated substantial delay in the formatien of the low pressure
"wells'', Cy and C, were found to be in good agreement with the experi-
mental data when based on the GASL surface pressure distribution.
Predicted values of ¢4 were about 40 percent below the experimental
data over the entire range, a = 0 to 20deg, in agreement with a previous
Newtonian based analysis. The difference is atiributed to the viscous-
induced drag increment. Computed slopes, Cy, and Cn,, were found to
be well predicted by the integrated GASL results, whereas the modified
Newtonian prediction was in poorer agreement with the trends of the
experimental data.
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SECTIOR |
INTRODUCTION

One function of experimental research is to test the applicability
and range of validity of theoretical models., In fluid mechanics, as the
velocity increases many problems appear such as compressibility, inter-
actions of inviscid and viscous flow fields, and so-called ''real gas''
effects., On the one hand, the problem is often complicated by the in-
adequacy of the experimental results to clearly indicate the relative
magnitudes of separate but coupled effects. On the other hand, theo-
retical models usually are only applicable {o simple geometric and fluid
mechanical models. Even with the aid of large digital computers, "'exact”
solutions are not possible for many problems of current interest in gas
dynamics.

In recent years considerable attention has been given to the com-
parisons of ideal gas and perfect dissociating and ionizing gas character-
istics solutions for sphere-cones at zero angle of attack, but similar
comparisons have not been possible at angles of attack because of the
lack of adequate theoretical models for analysis of the three-dimensional
flow fields. The three-dimensional characteristics theory used in the
present study was developed at the General Applied Sciences Laboratory
(GASL) by Moretti et al, (Ref. 1). The only known published results
from this theory for axisymmetric bodies are calculations done by
Jenkins (Ref, 2) for spherically blunted cones at 0- and 3-deg angles of
attack over the range of altitudes from 100, 000 to 260, 000 ft, Mach num-
bers from 9 to 30, and cone half-angles of 10 and 12 deg,

The present report presents comparisons between an ideal gas,
inviscid, three-dimensional characteristic solution and experimental
data for surface pressure distributions, forces and moments of a
0. 3 nose-to-base radius ratio, 9-deg half-angle spherically blunted
cone at M_ = 18 cover a range of angles of attack from 0 to 20 deg., The
experimental data were taken in a Reynolds number range where strong
viscous effects on zero-lift drag were previously found by Whitfield and
Griffith (Ref. 3). These experimental data at angle of attack will, how-
ever, hbe used to assess the limitations and validity of the characteristics
solution.

Since the wind tunnel experimental data were taken in nitrogen, it
was necessary to base the calculations on ideal gas {y = 1.4} properties
rather than the equilibrium air data available in the machine program.
Previously published zero-lift experimental data taken in the AEDC,
von Karmén Gas Dynamics Facility (VKF), hotshot tunnels by Whitfield
and Griffith (Ref, 3}, Griffith and Lewis (Ref. 4), and Lewis and Whitfield
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(Ref. 5) were found to be in reasonably good agreement with their ideal
gas analyses,

Most of the calculations to be presented herein were made using the
GASL wind-fixed axis program (Ref, 1), However, during the latter
stages of the calculations a new version of the program was published by
GASL (Ref. 6) and was used for some of the calculations presented. The
new program, denoted herein as the body-fixed axis program, is a modi-
fication of the wind-fixed axis program for axisymmetric bodies such
that the calculation is done in body-fixed rather than wind-fixed axes.
This procedure simplifies the analysis and somewhat improves the ac-
curacy of the calculation, However, a comparison will be shown at one
angle of attack which indicates that the differences are small, and thus
the large body of calculations at all angles of attack was not recomputed
using the new program. Included in the new program is a procedure for
tracing the streamline patterns on the surface and within the inviscid
shock layer. This program is important for many applications and was
used in the present study to determine streamline patterns on the body
and on one constant entropy surface within the shock layer.

Calculations were made at « = 5, 10, and 20deg for comparisons
with experimental data from the AEDC-VKF 50-in. and 100-in. hyper-
velocity tunnels (Gas Dynamic Wind Tunnels, Hypersonic (H) and (F)}
and the 48-in, shock tunnel of the Cornell Aeronautical Laboratory (CAL),
A machine program was developed by the first author and M, R. Reed
which transformed the wind-fixed axis solution for the body surface pres-
sure distribution to the corresponding body-fixed axis and interpolated
the resulting pressure distribution for comparison with the experimental
data., An additional machine program was written to integrate the result-
ing pressure distribution and compute the normal-force coefficient, Cn,
and pitching-moment coefficient, C, , for comparison with available
experimental data. Also, for comparison with the numerical results
based on the GASL: program and experimental data, the results of the
modified Newtonian theory are presented. In addition to the above com-
parisons, normal-force and pitching-moment slopes, Cn, and Cmy, were

computed and are compared with numerical differentiation of the experi-
mental data.

SECTION Il
INVESTIGATION
2.1 THEORETICAL CONSIDERATIONS

The numerical analysis presented herein used the GASL wind-fixed
axis program to obtain the body surface pressure distribution for a range
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of angles of attack. The wind-fixed axis solution was then transformed
to body-fixed axis and interpolated for integration and compariscn with
the experimental data. A brief discussion of the GASL program is pre-
sented below.

The initial supersonic data were obtained from an inverse blunt
body solution for a unit sphere at M. = 18 in an ideal gas at one atmos-
phere pressure. The resulting blunt body flow field solution was inter-
polated along a surface normal to the wind-fixed axis. The GASL
program uses the method of characteristics in three dimensions to com-
pute from these initial data the fluid properties in the inviscid supersonic
flow field about spherically capped lifting bodies. The technique is such
that computations are made in two mutually perpendicular planes using
the intersections of the characteristic surfaces in the flow field with
these planes as characteristic lines. The intersection of the character-
istic lines represents a solution point which is common to both planes.
For the present calculations, a cylindrical coordinate system was used
with 7. measured from the center of the sphere in the wind direction,
the radius R, normal to the Z, axis, and the polar angle, 6,,, measured
from the most windward streamline, For the GASL calculations pre-
sented, the shock layer was defined by eleven positions between the body
and the shock and 10-deg increments in 4,. The calculations were made
along the Z, axis such that the solutions were obtained for each 0, between
0 and 180 deg in the Z,, plane, and then a subsequent Z, plane was selected
and the procedure was repeated.

Inasmuch as the solutions were obtained in Z. planes with 0, meas-
ured about the 7, axis, it was necessary to shift the 7., axis periodically
as the calculation proceeded along the body. Whenever the 7, axis
deviated by more than a fixed amount from the axis of symmetry of the
body, a ""change-of-frame' was made, Figure 1 shows a sketch of the
cone nomenclature and coordinate system. The criteria for determining
how often a change-of-frame was necessary are arbitrary, and the results

of different scheduled changes-of-frame are reported herein,

The transformation of the GASL wind-fixed axis pressure distribu-
tion was made using the appropriate equations for a selected body point
from which the equivalent Z,, and 4, were determined, The GASL results
were then interpolated by a four-point Lagrangian interpolation formula
to obtain the pressure at desired points. The resulting interpolated pres-
sure distribution was integrated by the trapezoidal rule to obtain the
forces and moments. Alsc for comparison, the modified Newtonian
theory was used to calculate a pressure distribution and then integrated
to obtain the forces and moments.
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A detailed discussion of the pertinent equations and techniques used
in the present analysis is given in the Appendix.

The GASL body-fixed axis three-dimensional characteristics solu-
tion (Ref. 6) was essentially that described above except that the calcula-
tion was done in body-fixed rather than wind-fixed axes. The initial
data were, however, obtained by rotating the wind-fixed axis sphere
solution to obtain the initial data in a plane perpendicular to the body
axis of symmetry.

2.2 EXPERIMENTAL STUDIES

The experimental data presented herein were obtained in two
AEDC-VKF hotshot tunnels, Tunnels H and F, and the 48-in. reflected
shock tunnel of the Cornell Aeronautical Laboratory (CAL). The AEDC-
VKF and CAL tests were conducted in nitrogen and air, respectively.
All data were taken on a 0. 3 nose-to-base radius ratio 9-deg half-angle
spherically blunted cone over an angle-of-attack range of 0 to 20 deg.

A comparison of some of the experimental data presented herein from
the VKF and CAL facilities was previously presented by Edenfield in
Ref. 7, and the reader is referred to that report for a detailed descrip-
tion of the experimental programs. Hcwever, tables are presented
herein which list all the experimental data used in the present study.
Table I gives the pressure distribution data from the VKF tunnels,
referenced to the measured test section pitot pressure. Each column
gives a gage location on the model, and the coordinates of each orifice
are noted. The axial distance is referenced to the ncse radius and
measured from the center of the spherical cap, whereas the surface
distance is measured from the nose of the model, The model radial
angle, 6y, was measured from the most windward streamline direction,
The test conditions associated with the data presented in Table I are
given in Table II.

The data for the CAL investigation were obtained from Ref. 8. The
pressure data are presented in Table III in a modified form, and the
tunnel test conditions are given in Table IV, The data given in Ref. 8
were referenced to a computed p, based on previous tunnel calibrations,
These data were modified so that at zero angle of attack the measured
stagnation point pressure was used as the reference, and at angles of
attack the pressure measured nearest the stagnation point was corrected
to the stagnation point by modified Newtonian theory. The latter value is
denoted herein as p;™.

Finally, tabulations of all the force and moment coefficients are
presented in Tables V and VI. The experimentally determined coefficients
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and the associated tunnel test conditions are given in Table V, and the
computed coefficients are given from the GASL and modified Newtonian
nurnerical solutions in Table VI.

SECTION (1
RESULTS AND DISCUSSION

3.1 ZERO-LIFT PRESSURE DISTRIBUTIONS

An obvious test of any three-dimensional flow field solution is com-
parison with a two-dimensional or axisymmetric solution where both
theories are applicable, viz., at zero angle of attack. Such a com-
parison is shown in Fig. 2 between the GASL solution and the results
from an AEDC axisymmetric ideal gas characteristics program devel-
oped by ARO, Inc. The comparison is made in terms of Cp /20, against
Ze = [ {Zp ~ 1)/2) e \f—m . The correlation parameter, Z., was pro-
posed by Cheng (Ref. 9), and Griffith and Lewis (Ref. 4) modified
Cheng's correlation parameter, p/M%p, voc’, to read Cp/20.” in order
to account for the fact that the condition imposed by Cheng, p >> p,,
frequently is not satisfied. An improved correlation with experimental
data was obtained in this manner.

Some experimental data from AEDC-VKF and CAL are also shown
in Fig. 2. Of primary interest here is the comparison between the
AEDC ideal gas axisymmetric solution and the GASL wind-fixed axis
solution, The differences are believed to be in the computation tech-
niques used and the numerical accuracy of each solution. As noted
earlier, the GASL program obtains a solution at each point represented
by the intersection of two characteristic lines in a 4, plane., This point
alsc lies in a Z,, plane, and the points between the body and the shock in
each plane are interpolated at eleven points in the R direction and
eighteen points in the ¢ direction, At angles of attack, large variations
in the slopes of the characteristics lines occur from the windward to
the leeward side of the body, and this implies large deviations in their
intersections from a single Z,, plane. This requires the convergence
criteria to be relatively loose at angle of attack, and thus the accuracy
of the numerical solution suffers at zero angle of attack. However,
when the convergence criteria in the AEDC axisymmetric program are
not met, the mesh size is reduced by doubling the number of points along
a right running characteristic from the shock to the body. This latter
procedure generates a finer network of points, and the solution is in-
herently more accurate. Therefore, the difference between the AEDC
and GASL wind-fixed axis solution at zerc angle of attack must be viewed
as an indication of the built-in inaccuracy within the GASL method.
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The differences beiween the experimental data and the AEDC axisym-
metric characteristics solution shown in Fig. 2 have recently been in-
vestigated by Lewis and Whitfield {Ref. 5), The results of that study
showed that the difference can be accounted for on the basis of a com-
bined inviscid-viscous interaction solution. They showed that for the
range of conditions of interest in the present study, the correlation of
Cp/20c" against Z. as given previously by Griffith and Lewis (Ref. 4) was
in good agreement with the results of the inviscid-viscous interaction
solution, Therefore, at zero angle of attack the differences between the
experimental data and the AEDC inviscid characteristics soclution are
believed to be primarily caused by viscous effects, and the differences
between the two inviscid solutions are believed to be numerical.

When considering the angle-of-attack results, one should keep in
mind these comments which only strictly apply at zero angle of attack.
The effects of numerical accuracy and viscous interaction will remain
important at angles of attack and particularly at small angles of attack.
Effects of viscous interaction, at least on the windward side, will be

<
reduced with increasing angle of attack.

3.2 SURFACE PRESSURE DISTRIBUTIONS AT ANGLES OF ATTACK
3.2.1 Ef#fects of Change-of-Frame

In performing the calculations with the GASL wind-fixed axis pro-
gram at angles of attack, it was necessary to select positions along the
body at which changes-of-frame of reference were made. Such changes-
of-frame were made by specifying the Z, at which the change was to
occur and the incremental change in X... Since both quantities were
arbitrarily chosen, it was of interest to see the effects of these quanti-
ties on the solution. To investigate these effects several computer
solutions were obtained for the 10-deg angle-of-attack case with a wide
variation in the change-of-frame schedules. The results of these com-
parisons will now be presented.

Three different solutions were obtained at an angle of attack of
10 deg with three change-of-frame schedules, Figure 3 is a sketch of
the model showing the changes-of-frame for the three solutions denoted
solutions 1, 2, and 3. Solutions 1 and 2 differ only after the fourth
change-of-frame, and solution number 3 was selected such that AX, = 0.2;
that is, whenever AZ, tan « = 0.2 a change-of-frame was made. All three
solutions were found to be practically identical to change-of-frame num-
ber 5 for solution number 2 and to change-of-frame number 10 for solu-
tion number 3. However, solution number 1 departed radically from
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solutions number 2 and 3 further downstream. Figure 3b shows the
radial surface pressure distribution for the three solutions at two Zy
stations where experimental data were available for comparison. The
comparison shows solution number 2 is considerably improved over
solution number 1, It is interesting to note, however, that a further
increase in the number of changes-of-frame had no significant effect
on the distribution as shown by solution number 3. Since the criteria
for making a change-of-frame are arbitrary, it does appear that one
should investigate the effects by making comparisons of the type shown
above.

The solution from the GASL body-fixed axis program is also shown
in Fig. 3b. Comparison of the body-fixed axis solution and sclution
number 3 shows excellent agreement except near the most windward
and most leeward streamlines. There are also some small differences
in the region of minimum pressure. It is also of interest to note that
the experimental pressure distributions along the most windward (93 = 0)
and most leeward (fiy = =) streamlines are in better agreement with the
body-fixed axis solution. Because of this and certain overall improve-
ments in smoothness of the solution, the body-fixed axis solution is
preferred. However, as noted above, most of the calculations for this
study were completed before the body-fixed axis program became avail-
able.

Solutions were obtained for « = 5,10, and 20 deg with change-of-frame
schedules similar to those of solution number 1 shown in Fig. 3a. Only
after examination of solution number 1 and the "wells' of low pressure
noted were the two other solutions obtained for « = 10deg. The « = S-deg
case did not exhibit the formation of any low pressure wells, However,
for a = 20deg the problem of low pressure wells became more acute, and
the solution failed to converge on the leeward side at a Z, statien only
about one-third of the total length of the body. In order to continue the
solution over the remainder of the body, it was necessary to delete 6,
planes in the leeward region downstream of the 7Z, plane where the failure
occurred, This was accomplished by limiting the maximum value of 0,
to less than the value where the failure occurred. Before the a = 20-deg
solution was continued an « = 15-deg solution was obtained with a change-
of-frame criteria similar to that in solution 3 above, viz, AZ, tan a = 0.2,
Difficulties similar to those encountered in the a = 20-deg solution were
observed for the « = 15-deg case. Except in the latter case, the failure
occurred about two-thirds of Zy, . However, it was necessary again
to delete 6, planes to continue the solution, Because of this result, it
wasg felt that increasing the changes-of-frame in the 20-deg case would
not improve the solution significantly, since deleting 4, planes in the lee-
ward region is tantamount to removing the leeward boundary condition
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from the solution, viz., the requirement that the cross velocity be zero
along the most leeward streamline, Litile can be said regarding the
validity of solutions obtained under conditions where 6, planes are
deleted. Therefore, only representative radial distributions will be
presented to illusirate the character of the solutions upstream and down-
stream of the Z,, plane where the solutions failed o converge., Figure 4
shows the change-of-frame schedules for all angles of attack used in

the wind-fixed axis solutions.

3.2,2 Windward and Leeward Streamline Pressure Distributions

The computed longitudinal pressure distributions on the windward
{8 = 0) and leeward (dg = #) streamlines on the conical portiaon of the
body are compared with experimental data in Figs. 5a, b, and c for
a = 5,10, and 20deg. lLack of experimental data at « = 15deg prevented
a similar comparison for that case. The experimental data show con-
siderable scatter, but in comparison with the computed distributions,
the agreement is reasonably good. The agreement is improved with in-
creasing angle of attack, especially along the most windward streamline,
and as noted above, viscous effects are reduced with increasing angle
of attack, At a = 10deg the distributions along the most windward and
leeward streamlines from the body-fixed solution are also shown, and
the results are seen to be in better agreement than the corresponding
wind-fixed axis solutions.

At a = 53 and 10 deg along the leeward streamlines the agreement
between the experimental and numerical pressure distributions is not as
good as for the windward streamlines. The agreement improves some-
what with angle of attack., However, because of the low pressure region,
experimentally there will be a thick laminar boundary layer interacting
with the inviscid outer flow. This viscous interaction will induce a pres-
sure increment as noted previously for zero angle of attack. Since the
solution along the leeward streamline at 20-deg angle of attack only
existed over approximately the first one-third of the body, the com-
parison shown in Fig. 5c¢ is interesting, but conclusive statements
regarding the results are not pessible,

It is well known that the nose-dominated region of spherically
blunted slender cones extends many nose diameters downstream. That
is, for a cone of small half-angle {e. g. o, < 9deg), the inviscid blunt
cone surface pressure distribution will require more than 60 nose radii
before approaching the inviscid sharp cone value. As the cone angle in-
creases the nose-dominated region is reduced in extent. The pressure
distribution is characterized by a strong overexpansion and recompres-
sion io the sharp cone value. It is of interest to note at zero-lift that
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the cone under investigation ends at approximately the minimum in the
overexpansion and recompression region. It is also of interest to note
from Figs. 5a and b that the same effects of the nose-dominated region
are observed along the windward streamlines at « = 5 and 10 deg.

Axisymmeiric characteristic solutions were obtained for spherically
blunted cones with half-angles o = 9 + adeg. Figure 5d shows a com-
parison of the axisymmetric solutions for o, = 14 and 19deg and the
"corresponding' GASL solutions for a = 5 and 10deg. Of primary interest
here is the approximately constant difference between the solutions for
the range of 7, shown and the smaller difference between solutions as o
or « increases, This is in agreement with the results and comments
given for « = 0. It is also of interest to note the small effects of cross
flow along the most windward streamline as indicated by the good agree-
ment between the axisymmetric and three-dimensional solutions. It
thus appears that an axisymmetric characteristics solution adequately
predicts the most windward gtreamline pressure level and the over-
expansion and recompression regions for an equivalent a_ngle, %6 0 qury =
ve + a. Except in the agsymptotic limit of large g or large cone angle,
oc, modified Newtonian is unable to predict the correct pressure level
and, in any event, is unable to predict the overexpansion and recom-
pression pressure region. The axisymmetric calculations gave
p/p, = 0.0594, 0.1230, and 0.2440 for « = 5,10, and 20 deg, respectively, for
the limiting surface pressure ratio, and modified Newtonian theory gave
corresponding values of 0.057, 0.105, and 0, 236, A comparison with
the experimental data of Table 1 shows good agreement with these values.
The 1limits of applicability of the Newtonian theory will be clearer from
comparisons of predicted and experimental radial pressure distributions
at angles of attack.

3.2.3 Radial Pressure Distributions

Comparisons of the radial pressure distributions at several posi-
tions along the body computed by the GASL wind-fixed axis program and
modified Newtonian are presented in Fig., 6 for « = 5deg. The available
experimental data are also shown for comparison. Only at Zy = 10.675
were data available for a range of the viscous hypersonic parameter, +_ .
The trends of the distributions from the GASL wind-fixed axis solution
and experiment are in good agreement. As noted before, the experi-
mental data are strongly viscous affected especially at this low angle of
attack. It should be noted here that the CAL experimental data are for
M_ - 13, whereas the calculation was made for M = 18. It would bc
surprising indeed if the differences shown were strongly Mach number
dependent, Moreover, the Reynolds numbers for the experiments were
sufficiently high (v_ = 0,034) that it would be equally surprising if the
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differences between experiment and numerical results were attributable
entirely to viscous interaction. Thus, further calculations and experi-
ments at the CAL conditions would he of interest at a = 5deg.

Modified Newtonian theory is alsc shown in Fig. 6 for comparison
with the GASL solution and experimental data. The comparison shows
reasonably good agreement over the windward side and far downsiream
of the nose. It is under these conditions, of course, where the shock
wave 1s nearly parallel to the body that one would expect Newtonian
theory to better apply; however, even over the windward side the GASL
solution better predicts the trends of the experimental data.

Radial distributions for « = 10deg are shown in Fig. 7 for compari-
son with the considerably larger body of experimental data. It was, in
fact, this body of data which influenced the decision to obtain the GASL
body-fixed axis solution for this condition. In contrast to the a = 5-deg
experimental data, the experimental scatter here appears to be con-
siderably reduced, and the agreement with the numerical surface pres-
sure distribution is quite good to 8p = 120deg. The largest body of
experimental data exists for this case at Zp = 10.675, and as in the
a = 5-deg case, there was no consistent trend of the experimental data
with Reynolds number. Modified Newtonian theory is seen to be in
better agreement with the experimental data in the windward region than
in the previous « = 5deg case. This is not surprising since the shock
wave lies closer to the body along the windward side and is more nearly
parallel with the body. Modified Newtonian theory also again fails in the
leeward region, and comparisons of the GASL solution and experimental
data also show poor agreement on the leeward side of the body.

The discovery of the inviscid low pressure "wells'' on the leeward
side of the body at e« > 10deg and their apparent strong effects on the
solution was one of the more interesting aspects of the present study.
These low pressure regions have been observed experimentally on other
axisymmetric bodies at low Mach numbers and high Reynolds numbers.
However, the experimental data at M_ ~ 18 did not indicate their existence.
A well was first noted in the distributions shown here at Zg = 5.250. How-
ever, it was found that once the well began to develop the minimum pres-
sure tended to drop rather rapidly with increasing Zg and ultimately led
to the failure of the solution to converge. The « = 10-deg calculation was
continued, and the solution failed to converge at Zy = 22. The experi-
mental data do not appear to support the development of the low pres-
sure wells, However, viscous effects could mask the effect and almost
certainly would strongly affect the pressure distribution in this region,

There appear to be two simple explanations for the development of
the inviscid wells. First, consider the flow along a streamline on the

10
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body surface. The fluid expands along the streamline from the high
pressure windward side. However, as the leeward side of the body is
approached it is necessary for the streamlines to be turned back toward
the free-stream direction since the streamlines cannot cross, This
bunching of streamlines near the most leeward streamline* will create
a ridge of high pressure. The second explanation is related to the
alleged loose convergent criterion discussed earlier. At the higher
angles of attack the right running characteristics on the leeward side

of the body are more nearly parallel with the body so that the distance
between the intersections becomes large. Therefore, the possibility of
errors affecting the solution is increased, The first explanation appears
physically reasonable. However, in any numerical solution as complex
as this the eifects of numerical inaccuracies can never by entirely
neglected. In any event, let it suffice to say that a problem area exists
in the simple, straightforward application of the numerical results.

Finally, distributions for « =15 and 20 deg are shown in Figs. 8a and b,
respectively, to further illustrate the development of the low pressure
wells and to show the distributions at Zp = 10.675 obtained downstream of
the leeward region cui-off plane. Notice the excellent agreement between
the GASL solution and modified Newtonian theory. However, in view of
the procedure used to obtain the GASL solution (viz. deleting 4, planes)
the results must be viewed with caution.

Beyond the interest in the comparisons with experimental pressure
distributions shown here, the results should be useful in conjunction
with a three-dimensional boundary-layer analysis., Examination of the
surface pressure distributions for « = 10deg leads one to consider the
effects of the low pressure wells and strong adverse pressure gradients
on a boundary-layer solution. 1t is well known that laminar boundary
layers cannot sustain strong adverse pressure gradients, and the ad-
verse gradient shown for a = 10deg and £Zp = 12.55 in Fig. 7 would be suf-
ficient to separate a laminar boundary layer. To further investigate this
problem, the following hypothetical case was studied,

3.3 PRESSURE AND STREAMLINE DISTRIBUTIONS ON A CONSTANT ENTROPY SURFACE

To investigate the behavior of the pressure distribution within the
shock layer, a constant entropy surface (S/R = 15.754) was considered at
a = 10deg. The entropy at the intersection of the initial surface and the
bow shock wave at g = 0 was chosen, The initial surface was a plane

*The authors are indebted to E, A, Sanlorenzo, General Applied
Sciences Laboratory, for an interesting discussion of this point.

11
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normal to the body axis at Zg = -0.33787 and intersected the bow shock
wave and dg = 0 at 60. 25 deg (acute angle measured at the center of the
sphere from Z, axis). This value of the entropy is the minimum for the,
complete three-dimensional characteristics flow field solution and is
independent of angle of attack for these initial surface data, It should
be emphasized that this constant entropy surface (bounding an "entropy
layer'') is not the "edge' of the boundary layer but is rather a surface
within the inviscid shock layer along which certain data were obtained.

The GASL streamline tracing program was used to interpolate the
inviscid shock layer, establish the coordinates of the constant entropy
surface, trace the streamlines on that surface, and interpolate for the
flow field variables along the streamlines. Figure 9 shows the cross
sections of the body, shock wave, and constant entropy surface at
selected stations for a = 10deg. Figure 10 shows the streamline distri-
butions on the body and on the constant entropy surface. Note the signif-
icantly reduced curvature of the streamlines on the constant entropy
surface relative to those on the body surface. More significant com-
parisons are shown, however, in Fig. 11 where pressure contours on
the body surface and the constant entropy surface are shown. The
development of the low pressure wells on the body surface is easily
seen in Fig. 1la, and a low pressure well is seen to form at Zg = 18
on the constant entropy surface, Note, however, that the wells begin
to form on the constant entropy surface approximately three times
further downstream than on the body surface. If should also be men-
tioned here that the solution failed to converge at Zgp = 22 on the body
surface. Thus, the formation of the well and the assaociated adverse
pressure gradient on the constant entropy surface would indicate that a
much smaller adverse pressure gradient exists within the shock layer
than on the body surface. These results, although only qualitative, are
believed to be significant for they clearly show that whereas a boundary-
layer solution would separate based on the inviscid wall pressure distri-
bution, a similar calculation based on the boundary-layer-edge pressure
distribution {simulated here by the constant entropy surface) would be
less subject to strong adverse pressure gradients,

Comparisons between the experimental surface pressures and the
computed pressures on the constant entropy surface at a = 10deg are
shown in Fig., 7. The agreement between experiment and the constant
entropy surface data is better than a similar comparison with the pres-
sure distribution along the inviscid wall., Because of the arbitrariness
of the constant entropy surface, only the irends should be considered
here, and those trends are in good agreement with the experimental
data.

12
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3.4 FORCE AND MOMENT COEFFICIENTS

The second area of primary interest in the present report is a com-
parison between calculated and experimentally measured force and
moment coefficients. Numerical results will be presented based on
surface pressure distributions obtained from the GASL solutions and
modified Newtonian theory. In addition, numerical and experimental
normal-force and pitching-moment coefficients will be used to calculate
the slopes, Cn, and Cn,. However, before discussing the results at
" angle of attack a few comments will be made on previous studies at
zero-lift,

3.4.1 Zero-Lift Drag Studies

The effects of viscous interaction on wall measurable quantities
have received much attention in VKF in recent years, The primary
shape considered in those studies was also a 0. 3 bluntness 9-deg half-
angle cone. The effects of viscous interaction on zero-lift drag were
studied by Whitfield and Griffith (Refs, 3 and 10}). More recently, Lewis
and Whitfield (Ref. 5) re-examined the experimental data and earlier
analysis at zero-lift. Two important results from these studies should
be noted here: First, for the range of experimental conditions of the
present study the total viscous drag was approximately twice the inviscid
pressure drag. Secondly, the application of the most exact currently
available theories (viz. characteristics and nonsimilar boundary-layer
solutions) at zero-1lift underestimated the total drag, thus implying sig-
nificant contributions by other so-called ''second-order" boundary-layer
effects (especially shock generated external vorticity, cf. Ref. 5).

3.4.2 Angle-of-Attack Results

Figure 12 shows a comparison of experimental and theoretically
predicted force and moment coefficients for a 9-deg half-angle spher-
ically blunted cone over a range of angles of attack, « = 0 to20deg. The
experimental data shown from AEDC-VKF and CAL were all chosen at
nominal values of v_ = 0.05 and wall-to-stagnation temperature ratio
Tw/To = 0.1. The present results (in agreement with the previous results
of Whitfield and Wolny (Ref, 11)) show that the inviscid normal-force and
pitching-moment coefficients, Cx and C,, are in reasonably good agree-
ment with the experimental data over the entire angle-of-attack range.
However, in agreement with the zero-lift data, the axial-force coeffi-
cient, C,, is strongly viscous affected over the angle-of-attack range
considered herein. The trends of the numerical and experimental
results are, however, in reasonably good agreement. For comparison,
Harris' results from the NASA helium tunnel (Ref, 12) and a Ry /Ry = 0.255

13
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10-deg half-angle cone at M_ = 19 and Re_/in. = 200,000 (corresponding to
a v_ = 0.016) are also shown. The agreement between the present
analysis for y = 7/5 and the experimental data in helium (y = 5/3) is
excellent for e < 7.5deg.* At a Reynolds number almost one order of
magnitude higher than the AEDC-VKF and CAL experimental data, the
viscous-induced drag should, of course, be substantially reduced. The
strong effects of viscous interaction on the axial-force coefficient are
also shown on Fig. 12d with a plot of lift~to-drag ratio against angle of
attack. From this figure it can be seen that the integrated GASL results
substantially overpredict the lift-to-drag ratio because of the rather
large viscous-induced axial-force increment, Again, it is also interest-
ing to note that the NASA helium tunnel data are in substantial agreement
with the integrated GASL resulis.

Modified Newtonian theory was also used to compute the force and
moment coefficients for the range of angles of attack, a < 20deg, Fig. 12,
Based on the comparison with the experimental data, the theory is not
clearly inferior to the GASL prediction and appears to be a reasonably
good approximaition for the normal-force and pitching-moment coeffi-
cients, Cy and C,. Moreover, only relatively small differences exist
between theoretical predictions of C4 based on modified Newtonian theory
and the integrated GASL results, The area of largest difference between
the two theories occurs at the lower angles of attack (a < 10deg). The
significant differences between the predicted values of the normal-force
coefficient, Cn, are reflected in the lift-to-drag ratio curve, where
again it should be noted that better agreement exists between the inte-
grated GASL results and the experimental data than was found using the
modified Newtonian theory.

3.4.3 Stability Derivatives

Stability analyses make use of normal-force and pitching-moment
coefficient slopes, Cn, and Cm,. It was, therefore, of interest to examine
the integrated GASL and modified Newtonian results for predictions of
those slopes. The coefficients Cy and Cp are again shown in Fig., 13
based on the two theoretical models. In addition, the variation of Cny,
and Cn, with angle of attack is also shown., An experimental uncertainty
of +10 percent was associated with the experimental AEDC-VKF and CAL
data and is also shown. The minimum and maximum of the experimental

*The differences in cone geometry, Mach number, and y make a
quantitative comparison between the numerical results at y = 1.4 and the
helium tunnel experimental data impossible; the trends of the experi-
mental data are as expected.

14
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data, treated as two separate curves, were interpolated at 2.5-deg
intervals with a four-point Lagrangian interpolation formula over the
rangea = 0t0 15deg. The results were differentiated numerically with

a cubic spline, and the resulting slopes are shown as shaded areas in
the figure. Of most importance here is the trend of the results rather
than the absolute values of the normal-force and pitching-moment slopes.
Absolute differences between experiment and theory are difficult to
determine because of the uncertainty in the experimental data and the
errors induced by numerical differentiation. It is clear from the results
shown that the integrated GASL results over the range a = 0to 10 deg give
trends that are in good agreement with the experimental data, whereas
the modified Newtonian theory results are in poor agreement with the
experimental trends.

SECTION IV
CONCLUDING REMARKS

Comparisons have been made between an ideal gas {3y = 1.4) three-
dimensional characteristics solution (GASL), the modified Newtonian
theory and available experimental data for pressure distributions, force
and moment coefficients, and stability derivatives for a 9-deg spher-
ically blunted cone over the angle-of-attack range from 0 to 20 deg. The
results were as follows:

1. The effects of arbitrarily prescribed change-of-frame criieria
in the wind-fixed axis solution were investigated. The criteria
AZytan @ = 0.2 gave good results over the range of angles of
attack and axial distance considered in the present study. Some
improvement was found by using the body-fixed axis solution
and is to be preferred in further studies of axisymmetric bodies
at angles of attack, However, the differences found in surface
pressure distributions were small, and the wind-fixed axis
results given in the present report were only slightly affected.

2. A comparison between the GASL results and an axisymmetric
characteristic solution at zero angle of attack indicated differ-
ences in the pressure distribution along the body of about
10 percent. The GASL result was found to be uniformly below
an AEDC ideal gas axisymmetric solution. Previous studies
have shown that differences between inviscid solutions and
experimental data of the order of 10 percent can be explained
as the viscous-induced pressure increment, Therefore, caution
should be exerted when using the GASL wind-fixed solution to
predict pressure distribution at zero angle of attack.

15
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3.

Predictions of windward streamline pressure distributions
from the GASL results were found to be in better agreement
with the experimental data with increasing angle of attack, and
at 10-deg angle of attack the comparison was quite good. Be-
cause of the necessity of dropping 4, planes at « = 15 and 20deg,
the comparison of windward streamline pressure distribution
at « = 20deg was interesting, but conclusive statements regard-
ing the comparison were not possible.

Comparison of experimental and theoretically predicted radial
pressure distributions based on the GASL and modified
Newtonian theories showed the GASL results to be uniformly
superior in predicting the trends of the experimental data. At
low angles of attack the differences between the GASL results
and the experimental data are believed to be primarily caused
by viscous effects. Since 8, planes were deleted for a > 10deg,
comparison of leeward side pressure distributions was not pos-
sible over much of the body at a = 20deg. Low pressure "wells'
were found to develop along the surface at @ > 10deg. The
experimental data did not indicate such formations; however,
further experimental data are needed along the leeward side at
angles of attack.

The possible effects of the low pressure "wells'' were investi-
gated along a constant entropy surface within the inviscid shock
layer. The curvature of the streamlines and the depth of the
low pressure wells were substantially less along the consgtant
entropy surface than along the body surface. The agreement
between the experimental wall and the computed, constant
entropy surface pressures was better than with the computed
inviscid wall pressures.

Force and moment coefficients were approximated reasonably
well by both the integrated GASL wind-fixed axis solution and
those based on modified Newtonian theory. The normal-force and
pitching-moment coefficients, Cy and Cp,, were found to be in
good agreement with the experimental data when computed from
the GASL results. In agreement with previous studies of
viscous effects on zero-lift drag, the predicted inviscid axial-
force coefficient, C,, was found to be about 40 percent below
the experimental data at M, ~ 18 over the entire angle-of-attack
range. Strong viscous effects were reflected in the lift-to-drag
ratio comparison where all theoretical results considerably
overpredicted the lift-to-drag ratio.

Normal-force and pitching-moment coefficients, Cy and C,,,
were numerically differentiated with respect to angle of attack, a.
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Comparisons showed results based on the integrated GASL
data were in better agreement with the trends of the experi-
mental data than were the results based on modified Newtonian
theory.

The results of the present study indicate the GASL characteristic
solution should be a valuable tool when coupled with a three-dimensional
boundary-layer theory for studying hypersonic viscous effects at angles
of attack, Certain limitations and deficiencies were noted which deserve
further study (such as the comparison of pressure distributions at zero
angle of attack).

17
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APPENDIX
FORCE AND MOMENT EQUATIONS

For comparison with the experimental (body-fixed) pressure distri-
butions, it was convenient to machine interpolate the GASL wind-fixed
axis soiution. The resulting surface pressure distribution was inte-
grated to obtain the force and moment coefficients for comparison with
the experimental data. The transformation, derivation of the force and
moment equations, and the details regarding the use of the modified
Newtonian theory will be given below,

TRANSFORMATIONS

It can be seen from Fig. 1 that the two axes systems of interest are
related by a rotation transformation, which in matrix form is as follows:

, (0 cosag 0 sinag Xgn
Yao = .0 1 0 Yu (1)
Lo ~sinae 0 cosa ZB

In the body-axis system, the X and Y coordinates were replaced by the
polar coordinates 8 and ¢y, so that

XB = Rp cos g, YR = Rp sin fp (2)

where Xg, Yg, and Rp are nondimensionalized with respect to the nose
radius., Using the results in Eq. (2) in the scalar form of Eq. (1) the
result was obtained:

Xa
Y W

It

Ry cos 0p cosa + Zy sina ’

"

Yy = R sin g 5 (3)
Zw = 23 cos a ~ Rg cos Oy sina)

The geometry was such that
6g = tan”"' (Yg/XB), 6w = tan™" (Yu/Xy)

Thus,
Gw

tan ~* [RB sin Og /(R cos 3 cos @ + ZR sin a)] (4)

so that Egs. (3) and (4) are the transformation equations from body-
fixed to wind-fixed axes,

Inasmuch as the reference axis for 6, within each change-of-frame
was the shified Z,, there was a correction on X, in computing tan 4,.
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This correction was to decrease Xw by the sum of the AXy’s for all
changes-of-frame up to the point considered. The result is

m
0w = tan”’ I:R[-] sin g /(flp cos g cosa + ZB sina ~ X va.‘)] (5)
i=1
where m is the number of changes-of-frame to Z,,. For a given Zg
and 0g, Eq. (5) and the last of Eq. (3) were used to determine Z,, and ¢,..
The pressure was computed by the four-peoint Lagrangian formula,

Y =F®Y, + F,x3Y, + F,x)Y, + F,x)Y,
where
_ Ax = a,) x = x5) (x —x) _ (X'-'X,) (x-x,) (.\-—-x‘)
Fuls) - (xg ~ %) {xg ~ xy) (x; ~x,) 7 Falx) = (x, ='x,) (x, = x,) (x, - x,)
F,(x) = (x — x,) (x — x,} {x = x,) , F.(x) = {x = x,) (x —x;) (x = xy) .

{xy — %) (x5 = x,) (x5~ x,) (e~ x,) (g = x3) (x, = xy)

and the subscript numbers represent the known values to be interpolated
in both 7, and 4. DMore specifically, for a given Zg and 4y the corre-
sponding Z, and ¢, were computed. The computer searched the GASL
results for four sets of pressures which bracketed both Z,, and ¢,, pref-
erably two on each side; however, as the end of the body or a change-
of-frame was approached, a three and one or an end point interpolation
was used. In all, five interpolations were necessary to define the pres-
sure at a point--four were required to determine the pressure at each of
the four known 6.’s in the desired Z, plane, and a final interpolation on 9,
gave the desired result. In the present analysis, these calculations were
performed at 0. 2 intervals in Zg from -1 to 14.644 with additional special
Zp values for comparison purposes. In each Zg plane, pressures were
computed in 10-deg increments in fg. The resultant pressures were
printed out and stored for later use in the force equations.

FORCE COEFFICIENTS

A general expression for the resultant force coefficient atiributable
to the surface pressure is

Cr, = J;fcpﬁ dA /7 R (6)

where zRy is the reference base area, C, the local pressure coefli-
cient, and n the local inward unit normal vector for an element ol
surface area, dA. As can be readily seen, the normal vector and the
elemental area are functions of the local geometry, so that for the
present case Eq. (6) was evaluated for two regions--the spherical cap
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‘and the conical afterbody. However, for ease of computing, three
regions were chosen, as shown in the following sketch.

Zwy = -0.5 Zyg = Rp sin a + Zg, cos a

?\\N\\x Region 2

Point "0 for o= ~ e 2y

for Region 3 ‘Q 3

Point "Q" for
Regions 1 and 2

Zg, = Rp, tana--sigg—a l
Xw

In regions 1 and 2, the integration was performed in the wind-fixed axis
system because these regions represented a sphere at zero angle of
attack. So that for a given Z,,, Cp was constant, i. e., Cp, £ 1(8,).
Immediately, in region 1

Zw,

(Crs,) = -2/ J ¢ zu dzs (7)

-1

In region 1, the net effect of the forces acting in the X,, or Y,, direction
was zero,

The resulting equations for region 2 are different only because of
the lower limit of integration formed by the plane Zg ; that is, the range
of integration over 6, was +6,, to -6, . For given Z and Zp , one obtains

o = cos™ [(Zw - ZBl cos a);"~RB’ sin a]

Rs, Jl ~ 73,

6y, = tan I'_RB1 sin 0B, /(RB, cos 6, cosa + Zp, sio a)]

where

and

Because of symmetry, the following equations result in region 2:

Lw

(Csz)z = —(2/aRp ) zw;[ Cp Zw Ow, 420y ®
7w
{C wa) = (2/7Ryp) f ’ Cp V1 - 77 sin Oy, dZ.

Zw,
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In region 1, the values of C, were taken from the blunt body (inverse)
solution, which was used to compute the initial data for the GASL super-
sonic solution (region 3), In region 2, the solution obtained from the
GASL program was used. In region 3, Cp = Cp (6w, 7) = Cp(0p, 2p), and
from a geometrical view the equations are more tractable in the body-
fixed axis system. The expression for the inward unit normal vector in
the body-fixed axis system at any point on the cone was substituted into
Eq. (6), and the integration performed with the result that

ZBmax 63“’15!
(Crag), - @ woocsamey [ mnize) S Cpon, 7o) dog 4z
: Z-H, €
ZBrax GBmax (9)
" 2 - - .
(CF33)3=“(2/”Rb] ZBf Rp(Zy) ;f Cp (01, ZR) vos Oy d0y dLH’
1

In this region, the GASL results were interpolated for a selected 7y,
the integrals over 4p evaluated by the trapezcidal rule, and the results
were then integrated over Zp by the trapezoidal rule. Because of the
large number of Zp planes (150), this technique was considered to be
sufficiently accurate. Because of symmetry, in all three regions the
side forces integrate to zero.

MOMENT COEFFICIENT

The general equation for the three moments about a point "O" may
be expressed as

(5‘,{)0 = J‘f ;'. X Cp ; d.‘&-'.’:’ha Db (10)
A

where T is the radius vector from point "O". In regions 1 and 2, the
point ""O'" was chosen as the nose of the sphere (Z, = ~1), so that

Y

CONEY |
(Cm), | (CPXW'): /Db S

The latter result was obtained because the resultant moment arm of the
forces in region 2 was unity. In region 3, the point "O" was taken as
the intersection of Zg with the sphere, so that

I

(11)

?'Bmax
(Cm)u,3 = - (2/7Rp Dp) f Rp [RB tano. + Zg + 1]><
‘e (12)

Bmar

Cp (6B, Zp) cos g dfg d7p
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To add all the contributions of the various regions, the coefficients in
regions 1 and 2 were transformed to region 3 through the angle of attack,
so that the following expressions were obtained for the axial-force,
normal-force, and pitching-moment coefficients and center of pressure
location from the nose:

Ca = [(CFZ“‘)x + (szwv)z] cos a + (CFXw>z sina + (CFZB)!
Cy = [(CF‘ZW')l + (CFZW);] sin g - (CF),;W)2 cos @ - (C}.-XB')3 (13)
Copoge = (€, = [(Cwa), cos @ ~ (Cry,, ) sin <] /oy
Zcp/Db = Cm/CN
A
s Ci, = Cn cos a — Cy sina%
Cp = Ca cos & + Cy sina (14)
and
L/D = CL/Cp (15)

These final equations with the results from the GASL program were
used to compute the force and moment coefficients for comparison with
the experimental data.

NEWTONIAN THEORY

The pressure coefficient from modified Newtonian theory is
Cp = Cp cosz'q (16)

where Cp is the pressure coefficient at the forward stagnation point on
a blunt body A value of 1. 841 was used for Cp, in these computations
which corresponds to the normal-shock pressure for M = 18, The
angle » is the acute angle between the free-stream veloclty vector and
the local unit normal vector, i. e.

cosy =V - n/lV|
Thus
Cp = L84 (V- n/|V]) (17)

was used to predict the surface pressure distribution. The value of C,
was substituted into the force equations, and the Newtonian force coef-
ficients were computed., One precept of the modified Newtonian theory
is that the pressure is zero in a ''shadowed” region. Thus, on inte-
grating the pressure distiribution, the limit was set at cosyp = 0, or

7 = a/2.

23



AEDC-TR-65-234

10,

24

REFERENCES

Moretti, G., Sanlorenzo, E. A,, Magnus, E, E., and Weilerstein, G,
"Supersonic Flow about General Three-Dimensional Bodies:
Flow Field Analysis of Reentry Configurations by a General
Three-Dimensional Method of Characteristics, Vol. III."
ASD-TDR-61-727, October 1962,

Jenkins, B. Z. ''Real Gas Flow Field Properties around Blunt Cones,
Vol. I." U. S. Army Missile Command Rept. No. RF-TR-63-18,
August 1963.

Whitfield, Jack D. and Griffith, B. J. ''Viscous Effects on Zero-
Lift Drag of Slender Blunt Cones.' AEDC-TDR-63-35, March
1963. See also ATAA Journal, Vol. 2, No. 10, October 1964,
pp. 1714-1722,

Griffith, B. J. and Lewis, C, H. "Laminar Heat Transfer to Spher-
ically Blunted Cones at Hypersonic Conditions.' AIAA Journal,
Vol. 2, No. 3, March 1964, p. 438,

Lewis, Clark H, and Whitfield, J. D. '"Theoretical and Experi-
mental Studies of Hypersonic Viscous Effects.' Paper presented
at the AGARD Specialists' Meeting, Naples, Italy, May 1965,
AGARDograph 97, Part III, also AEDC-TR-65-100 {AD 462717},
May 1965.

Sanlorenzo, E, and Petri, F. "Programs for the Analyses of Flow
Fields around Spherically Capped Three-Dimensional Bodies at
Angles of Attack,”' GASL-TR-462, September 1964.

Edenfield, E. E. '"Comparison of Hotshot Tunnel Force, Pressure,
Heat Transfer and Shock Shape Data with Shock Tunnel Data,"
AEDC-TDR-64-1 (AD 428918), January 1964,

Wilkinson, David B. and Harrington, Shelby A. '"Hypersonic Force,
Pressure, and Heat Transfer Investigations of Sharp and Blunt
Slender Cones.' AEDC-TDR-63-177 (AD414616), August 1963.

Cheng, H. K. "Hypersonic Flow with Combined Leading-Edge
Bluntness and Boundary-Layer Displacement Effect.' Cornell
Aeronautical Lab Report AF-1285-A-4 (AD 243140), August 1960,

Whitfield, Jack D. and Griffith, B. J. '"Viscous Drag Effects on
Slender Cones in Low-Density Hypersonic Flow,'" Submitted for
Publication in AIAA Journal,




AEDC-TR-65-234

11. Whitfield, Jack D. and Wolny, W. 'Hypersonic Static Stability of
Blunt Slender Cones,’' AEDC-TDR-62-166 (AD 282897),
August 1962,

12. Harris, Julius E. "Force-Coefficient and Moment-Coefficient
Correlations and Air-Helium Simulation for Spherically Blunted
Cones.'" NASA-TN-D-2184, November- 1964,



AEDC-TR-65-234

a. Cone Nomenclature

b. Cone Coordinate Systems
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Experimental Data
Numerical Results M

= Sym Source Ny Reg/in. Vo
deal Gas ty = 4] Characteristics, Mg, = I8 O AEDC-VKF 50~in. {H)  18.42-20.97  6,538-14,274  0.0572-0.0910
— - — AEDC Axisymmelric 5 AEDC-VKF 100-in. (F) 19.20-20.10  66,600-87. 700  0.0238-0, 0261
— — GASL Wind-Fixed Axis Solution o CAL48-in. ST 13.48-14.65  3.083-19.250  0.0341-0. 0885

>

?
CpIZGC

0.02 0.10 1.0

[(ZB + I)/?]o%/\/ £ Cp,

Fig. 2 Zero-Lift Pressure Distribution over 9-deg Half-Angle Spherically Blunted Cones
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Changes-of-Frame of Reference Schedules
1 2 3 4 5 6 7 8 9 10 11 12 13
|

Sotution No. 3 ! L L ] I l ] ] I 1 L
1 2 3 .4L 5 f>L
Solution No. 2 ———————— b e e = A B A I
1 2 3 4 5
Solution No. 1 ! 1 L I ]
2 4 6 ;
L1 , 1 T 10 T W] 1z

S

a. Three Scheduled Changes-of-Frame

Fig. 3 Effects of Changes-of-Frame on Body Pressures ata = 10 deg
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Experimental Data

Run.

1367
1368
1372
1379
1380
1381

M
_w
18.45
21,57
18.97
18.99
19.37
18.89

Remhn.

8,313
4,526
13,140
9,320
13,433
11,046

.’ P Sym Source
Numerica’ ResuTts o AEDC-VKF 50-in. (H)
Ideal Gas &y = 1.4), My, = 18 o AEDC-VKF 50-in. (H)
— — —— GASL Wind-Fixed Axis Solution No. 1 o AEDC-VKF 50-in. (H)
GASL Wind-Fixed Axis Solution No. 2 o AEDC-VKF 50-in. {H)
x xnxxea GAS| Wind-Fixed Axis Sclution No. 3 A AEDC-VKF 50-in, {H)
— GASL Body-Fixed Axis Salution ©  AEDC-VKF 50-in. {(H)
0.20 0.20
0.10 U.lﬂq
P e
P p°
° o0 ° 0.0
ZB =12.55 ZB = 13.%4
0.001 . ' 0.001 |
0 60 120 180 0 60

Body Angle, 8, deg

120
Body Angle, 8, deg

b. Radial Pressure Distributions for Three Change-of-Frame Schedules

Fig.3 Concluded
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Body-Fixed Axis

_Solution

a =15 deg

TS0 - 20 deg

Fig. 4 Scheduled Changes-of-Frame for Yarious Angles of Attack
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Experimental Dala

Sym Source Run % Regfin.
o AEDC-VKF 50-in. (H} 1365 18.79 11,183
C AEDC-VKF 50-in. (H 1366 21.76 5,701
Humerical Results o AEDC-VKF 50-in. (H) 1369 21.25 3,658
ldeal Gas (‘( =1 4], N\m =18 A CAL 48-in. ST 13 13.47 ]g’ 250
—— GASL Wind-Fixed Axis Solution v CAL 48-in. ST 17 13.43 19,167
010
o] A v
v oA Yoo o leg=0
D PO
po -
- v
Y Y
*]
0.01 F i PN
| | | 1 1 BB
1 3 1 9 11 15 15
a. a = 5deg
Experimental Data
Sym Source Run Mg Reyfin.
. o AEDC-VKF 50-in. (H} 1367 18.45 8, 313
| Result ’
Numerical Resulls O AEDC-VKF 50-in. (H} 138 21.57 4,52
Ideal Gas ly =1.4I, Mg, =18 ®  AEDC-VKF S0-in. (R} 1372 1B.97 13,140
—— GASL Wind-Fixed Axis Solution A CAL 48-in. ST 14 13.46 19,083
——— GASL Body-Fixed Axis Solution i CAL 48-in. ST 19  13.48 18,500
A ————— Q_._'_
————DT =
0 10 = = 8 - 0
P, =
Po
0.01
-a
Axial Distance, ZB
b. ¢« = 10 deg
Fig. 5 Pressure Distributions along Most Windward and Leeward Streamlines at

M. ~ 18 and at Angles of Attack

‘o
0. 0624
0.1012
0.1233
0.0341
0.0340

‘o
0.071
0.1125
0.058)
0. (342
0. (348
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Experimental Data

Sym Source Run My Reg/n. Vg
©  AEDC-VKF 50-in. {H). 1373 18.67 11,542 9.06]
_ S AEDC-VKF 50-in. (H) 1374 18.38 9,082 0.068
Numerical Results ©  AEDC-VKF 50-in. (H} 138 18.94 12,680 0.059
A CAL48-in, ST 15 13.45 19250 0.034
Ideal Gas ty = 1.4), Mg = 13 Y CAL48-in, ST 18 13.44 19,667 0.03
—— GASL Wind-Fixed Axis Solution > CAL 48-in, ST 24 13.45 18,583 0.035
A A p—
0.30 2 P |

0.20

L8]
<4
4
[a]u]
<
=

oo

0.01

0. 004 | | | 1 ] I}
1 3 5 7 9 1 13 15
Axial Distance, Zp

¢. a = 20 deg

Fig. 5 Continved
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0.01

plpg

901

s

Numericaf Resuils
1deal Gas fy = 1.4) Characteristics, Mg = 18

GASL Wind-Fixed Axis Solution, @ <5 deg
———-~ AEDC Axisymmetric Solution, 6 * 14 deg

L

L S

]
¥

s . st

10 percent

. Numerical Results
Ideal Gas fr - 1.4) Characteristics, M, = 18

—— GASL Body-Fixed Axis Solution, @ » 10 deg
—————AEDC Axisymmetric Salution, g, = 19 deg

S Inviscid Sharp Cone\
—x ]

e
——1

1

Axial Distance, Zg

d. Windward-Streamline Pressure Distribution from GASL (¢ = S5anda = 10 deg)
and AEDC Axisymmetric *‘Equivalent'' Cone Solutions

Fig. 5 Concluded
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Experimental Data

Sym Source Run Mg Regfin. ¥y
N O AEDC-VKF50-in. ) 1365 18.79 11,183  0.0624
| Results ! '
humertes! Resufle - © AEDC-VKF50-in. i) 1% 2076 5701  0.1012
Iceal Gas by = 1.4, Mg, = 18 O AEDC-VKF50-in. () 1369 21.25 3,658  0.1233
—— GASL Wind-Fixed Axis Solution 4 CAL48-in, ST 13 13.47 19,250 0.0341
— - Modified Newlonian Y CAL&-in. ST 171343 19,167 0.0340
0.10 0.10
28'3025 4 ZB'?SOU

pipg PP,
0.01 - \ 0.01
1 1
0 60 120 180 0 60 120 180
0.10 0.10
/p, P'pg
0.01 0.01
A
0 60 120 180 0 60 120 180
Body Angle, 8p, deg Body Angle, g, deg

Fig. 6 Rodial Pressure Distributions over a 9-deg Half Angle
Sphetically Blunted Cone ot M. - 18 and gz = § deg
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Experimental Data

Sym Source, Run Mo Regfin

Numerical Resulls O AEDC-VKF 50-in. (HI 1367 18.45 8 3I3

= o P o  AEDC-VKF 50-in. {HI 1388 21,57 4,526

Ideal Gas (v = 1 4, Mg, - 18 o AEDC-VKF50-in. (Hi 1372 18,97 13,140

—— GASL Body-Fixed Surface Pressure & AEDC-VKF50-in [H) 1379 18.99 9,320

ISIR - 17.858) 4 AEDC-YXF 50-tn. (HY 1380 19.37 13,433

—— — GASL Body-Fixed Constani Entropy O AEDC-VKF 50-in. (H) 1381 18.89 11,046

Surface within the Shock Layer 4 CAL d8-in. ST 14 1346 19,083

{S/R =15 754) v CAL 48-in. ST 19 13.48 18,500

——— Mmodified Newtonian Surface Pressure ¥  CAL 28-in. SY 21 13,42 18917
0.10 0.10

pipy Plp,
\ b
‘l
.01 01 L \ .
0.0 i} a1 60 120 180
0.10 4
/g Py
0.0l - \ 0.01
L 1y
0 €0 120 180 0 & 120 180
Body Angle, 85, deg Bocy Angle, €y, deg

Fig. 7 Radial Pressure Distributions over a 9-deg Half-Angle Spherically
Blunted Cone at Mo - 18 and a = 10 deg
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Experimental Data

Sym Source Run Mo Regfin. Vg
Numerical Resulls ¢ AEDC-VKF50-in. (H) 1367 18.45 8313 0.0710
Humeris TesL s o AEDC-VKF50-in. () 1368 2157 4526 O0.1125
{deal Gas y = 1.4), Mg, =18 o AEDC-VKFS50-in. (H) 1372 18.97 13,140 0.0581
GASL Rody-Fixed Surface Pressure o AEDC-VKFS0-in. (W) 1379 18.99 9,320  0.0691
{SIR = 17.858) 5 AEDC-VKFSC-in, (H) 1380 19.37 13,433  0.0586
——— GASL Body-Fixed Constant Entropy o} AEDC-VKF 50~in. {H) 1381 18.89 11,046 6.063]
Surface within the Shock Layer a CAL 48-in, ST 14 13.46 19,083  0.0342
{SIR = 15.754) v CALd8-in. ST 19 13.48 13,500 (C.038
———- Modified Newtonian Surface Pressure v CAL 48-in. ST 21 1342 18917 0.0342
0.20 0.2
Zg = 8.675 1
0. 165 0.10

Pipg

0.01

pitg PRy

] 60 120 180
Body Angle, Bg, deg Body Angle, 85, deg

Fig. 7 Concluded
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Numerical Results
Ideal Gas {y = 1.4), My, = 18

GASL Wind-Fixed Axis Solution
— ~— Modified Newtonian

0.20 020 0.20

Zg = 10.675

0.10 0.10 0.10

pipg

0.0 0.01 001

{ \
0.004 L L J oom ' L 0.004 .
0 60 120 180 0 60 . 120 180 0 60 120 180

Body Angle, 83, deg Body Angle, Bg, deq Body Angle, 8p, deg

a. a = 15 deg
Fig. 8 Radial Pressure Distributions over a $-deg Half-Angle Spherically Blunted Cone at M., -~ 18 and at Angle of Attack
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Eﬂ] Source B_U_"' M_(D Remhn. oﬂ
o AEDC-VKFS0-in. HY 1373 18.67 11,542 0.0610
o AEDC-VKF50-in. (H) 1374 18.38 9,08 0.0677
i o AEDC-VKFS50-in. (H} 138 18.94 12,680 0 0590
Numerical Results A CAL48-in, ST 15 13.45 19,250 0.0340
Ideal Gas {y = 1.4), Mg, = 18 ¥  CAL48-in. ST 18 13.44 19.667 0.0337
——— GASL Wind-Fixed Axis Selution > CAL48-in. ST 22 13.41 18,500 0 0346
— -— Modified Newtanian < CAL#8-in. ST 24 13.45 18,585 0.034%
0.30 — 0 304. 0.30
L-'h.
\ = - 2
. Zp = 1.940 Zy - 3.00 Zg = 10.615
0.10 0.10 - 010}
. L L
pln, g [ 3
|
] L = | [}
| |
\ ‘. 1| 8
0.0 \ 0.00 | 0.01 |- 1.
: - 1 - | o
\. | 1 0
! \. i '. |
0.004 1 | . 0.004 | | | 0. 004 | 1 \l ,|
0 60 120 180 0 60 120 180 ] 60 T 120 180
Body Angle, 8p, dey Body Angle, 8g, deg Body Angle, Bg, deg
b. @ = 20 deg

Fig. 8 Concluded

Experimental Data
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Zg * -0.33781

Shock Surface

————— Constant Entropy Surface,
SR =15.754

Zg = 10.675

Fig. 9 Radial Cross Sections of Shock and Constant Entropy Surfaces at
Selected Stations (Zg) versus Radial Angle (6g)
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-130

’// i ] 0

-
:’//M{///—///://f—*/ff 10

e -
L L ! _———— ) L L ] I 1 ] L | | I | 0
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Zg+1

a. Body Surface (S/R = 17.858)
Fig. 10 Streamline Patterns for a 9-deg Half-Angle Cone at @ = 10 deg from the GASL Body-Fixed Axis Solution
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a =10 ey /—Constant Entropy Surface
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Zg+ 1

b. Constant Entropy Surface ($/R = 15.754)
Fig. 10 Concluded
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ZB+1

a. Body Surface [sobars
Fig. 11 Pressure Contours for a 9-deg Holf-Angle Cone atz = 10 deg from the GASL Body-Fixed Axis Solution
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Numerical Results
Ideal Gas {y = 1.4}, My =18
Pressure Distribution from

—— GASL Wind-Fixed Axis Solution
———-Modified Newtonian

Experimental Data

Eﬂ Source M_O) Remiin. Gc, deg Rﬂ!Rb VE TW,TD
. CAL 48-in. Shock Tunnel 14.7 14, 000 9 0.3 ~0.05 ~0.1
o AEDC-VKF 50-in, (H} 18. 4 13, 000 9 0.3 ~0.05 -~01
< AEDC-VKF 100-in, {F) 16.5-20 9, 000-41, 000 9 0.3 ~0.03 ~0.1
A NASA Helium Tunne! 19 200, 000 10 0.255 ~0.02 ~10

0.8
0.6
CN
0.4
0.2
0

0 5 10 15 20
Angle of Attack, o, deg

a. Cy witha

| l |

D
0 5 10 15 20
Angle of Attack, a, deg

b. Cm witha
Fig. 12 Farce and Moment Coefficienis for Spherically Blunted Cones at M., ~ 18
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Numerical Results
Ideal Gas fy =1.4), My = 18
Pressure Distribution from

-—— GASL Wind-Fixed Axis Solution
——— Madified Newtonian

Experimental Data

Sym Source M_m Reqfin. O, deg  R,/Ry,
e  CAL 48-in. Shock Tunnel 14,7 14, 000 9 0.3
2 AEDC-VKF 50-in, (K} 18.45 13,000 9 0.3
¢ AEDC-VKF 100-in. (F) 16.5-20  9,000-41,000 9 0.3
4 NASA Helium Tunne| 13 200, 000 10 0.255
0.3 P4

0 | ! |
0 5 10 15 20
Angle of Attack, o, deg
c. Cp witha
Lé
///’—‘-—5““\\\
1.2 pd A A 4
7
L/D 4 © 8
4 o
/
0.8 /
/
/ A
sk’ /"
) /
/
/
0 1 | {
0 5 i0 15 20

Angle of Attack, o, deg
d. Lift-to-Drag Ratio with ¢

Fig. 12 Concluded
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Numerical Results

AEDC-TR-65-234

Experimenial Dala

Vel Cas v - 1.0 KL - 18 Sym Source M_co Reg/in.
edl bas Y = L4 Mg o CAL48-in. Shock Tunnel 14 7 14, 000
Pressure Distributior from O AEDC-VKF 50-in. tH) 18 45 13,100
— GASL Wind-Fixed Axis Solution < AEDC-VKF 100-in. P 16.5-20  9,000-41, 000
——— Modifred Newtonian T  z10-percenl Scatter
08
06
Cy, 7
N 52 D 05
Ciii..
041 Ng
per deg NN
p 0.3 ——-— =
-
02F //, b
#F
o 0.0i |-
-~
0 i | 0 |
0 5 10 15 20 0 5 10

0.05

Shaded areas are resuils based
on expertmental data with £10-
percent scatier

Fig. 13 Yariation of Normal-Force and Pitching-Moment Coefficient Slopes with

Angle of Attack for 6 9-deg Half-Angle Spherically Blunted Cone at My, - 18
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PRESSURE DATA FROM AEDC-VKF TUNNELS

TABLE |

Surface Distance, s .70 4.19 | 10,35 [12.35 [12.35 (12,35 | 12,35 14.28 | 15.28 | 10.35
Axial Distance, Zp 1.125 } 2.61 8.675 [10.575 { 10.875 {10.675 | 10.675 | 12.55 | 13.54 | B.675
Medel Radial Angle, 6, deg 180 0 167.5 | 112,58 [67.5 22.5 180 0 180
o Tunnel Tunnel ,
Pimnet Run No. Angle of Attack |Roll Angle b/
50-in. (H) |1362% 0 0 0,0456 |0.03B0| 0.0263 | 0.0212 | 0,0223 }10.0249 | 0.0232 | €.0227 | 0, 0239
1363 0 0 0.0459 |0.0345| 0.0238 | 0,0195 | 0,0200 |0.0221 | 0.0180 | 0.0200 | 0.0183
1364* 0 4] 0,0521 {0.0352 | 0,0249 [ 0,0240 | 0.0220 |0.0240; 0,0229 | €, 0215 | 0. 0232
1365* 5 0 0.0769 {10.0212| 0,0564 | 0,0142 | 0,0184 |0.0340 0.0513 | 0.0143 | 0. 0632
1366 5 0 0.0563 {0.0220| 0,04592 | 0.0113 | 0.0160 |0.0312 | 0,0435 | 0.0140 | 0. 0542
1367% 10 0 0.0965 {0.0213| 0.1110 [ 0.0112 [ 0.0147 |0.0515 | 0.1087 | 0,0110 | 0.1200
1368 10 a 0.0978 |0,0184] 0.1100 | 0.0102 ] 0,0131 |0,0542 | 0.1016 | 0.0100 | 0.1180
1369 5 0 - 0. 0240 --- 0.0L06 | 0.0148 [0.0320 --- 0.0137 ---
1370% 0 0 0.0527 | 0.0362] 0.0236 |0.0210 | 0.0222 |0,0248 | 0,0221 | 0.0216 | 0. 0224
1372 10 180 0,0278 | 0,0840| 0.0113 | 0. 1030 | 0,0393 [0,0140 | 0.0122 | 0.1220 | 0.0110
1373% 20 0 0.2100 | 0.0150| 0.2300 | 0.0067 | 0,0140 -=- 0.2200 | 0.0060 | 0. 2400
1374 20 0 0.2150 | 0.0168 | 0. 2540 | 0. 0076 | 0. 0130 --- 0.2310 | 0.00863 } 0, 2460
1379 10 30 D.0982 | 0.0252 | 0.10%0 | 0.0128 | 0.0328 [0.1060| 0,1300 | 0.0112 | 0. 1160
1380 10 60 0.0673 | 0,0269 | 0,05620 | 0.0218 | 0.0710 [0.1230| 0.0900 | D,0129 | 0.0640
13814 10 90 0.0493 | 0.0407| 0,0270 | 0,0520| 0, 1080 | 0.1080 ] 0.0485 [ 0.0300 | 0, 0260
L1386 20 180 .- 0. 2230 | 0.0083 | 0.1950 --= —-—- --- 0. 2340 ---
100-wmF) 289 0 0 0.0473 | 0,0307] 0.0234 0.0219 | 0,0216 | 0,0235
590 0 0 0.0516 | 0.0401 --- 0.0233 | 0.0230 | 0.0244
592 0 0 0.0484 | 0,0389 | 0.0235 0.0222 | 0.0220 | 0.0224
593 0 4] 0.0493 -~ 0.0236 0.0219 | 0,0215 | 0.0220

*These data presented in Rel. 7 also.
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TEST CONDITIONS FOR AEDC-YKF PRESSURE DISTRIBUTION DATA

TABLE Il

(TEST GAS: NITROGEN)

Tunnel Angle of Attack, Porpsia |To, K M
Run No. deg "
20-in. {H)
1362 0 7,288 {3830 | 18.42
1363 0 G, 229 [ 3498 20,907
1364 0 7, 356 | 3247 18. 84
1365 5 6, 497 {3243 18.79
1366 5 5, 803 | 3460 21,76
1367 10 6,989 {3897 18.45
1368 10 6,937 |4164 | 21.57
1369 5 6, 609 | 4561 21,25
1370 0 6,807 | 2862 | 19.41
1372 10 8,519 | 3345 18,97
1373 20 7,263 | 3376 18.67
1374 20 7, 437 | 3865 18, 38
1379 10 6,543 | 3473 18,98
1380 10 6,519 2890 19, 37
1381 10 6,878 | 3315 | 18.89
1386 20 7,528 | 3232 18. 84
100-in. {&)
585 0 19, 200 | 2240 19.40
580 0 22,100 | 2100 20, 10
592 Q 22,300 | 2450 19. 30
593 0 21,700 | 2480 19, 20

Ne_/in. P % 107, psia | T, °K Qoo s PSID U,. fps Py P
9, 035 1,53 66,74 0. 363 10, 066 0.678
6, 538 0.57 46, 82 0.176 9, 597 0.328

12, 464 1,47 53.37 0. 366 9, 206 0.682

11,183 1.33 63,59 0.330 9, 198 0.614
5, 701 0.43 43.31 0.141 9,577 0. 264
8,313 1,44 67. 80 0.342 10, 162 0. 640
4,526 0. 47 53,82 0,154 10, 582 0. 289
3, 658 0.47 61.00 0.148 11, 098 0.279

14, 274 1. 23 4405 0. 324 8,614 0.602

13, 140 1,59 54, 44 0. 400 9, 363 0. 746

11, 542 1.51 56, 65 0. 367 9, 400 0.685
9, 082 1.67 67.71 0.372 10, 116 0.695
9, 320 1.1% 56.47 0. 300 9, 547 0.560

13, 433 1.18 44,64 0.310 8,655 0,577

11, 040 1.34 54, 30 0.334 g3, 309 0.622

12, 680 1.46 52,58 0. 366 9,185 0.6G82

71, 200 4,00 33.62 1.099 7,682 2. 044

87,700 4,00 28, 81 1.164 7,451 2,164

68, 500 4,50 37.27 1.233 8,082 2. 295

66, 600 4,590 38,22 1.235 8,112 2. 300

PET-59-4L-0Q3VY
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TABLE Il

MODIFIED * PRESSURE DATA FROM CAL 48-IN. SHOCK TUNNEL (REF. 8)

Surface Mistance, s 0 1.045 3.510 q.625 4,625 G H90 [ 9. 140 9,140 | 11,380
Axial hsianee, 7 -1.00 -0.20 1,840 3.025 3.025 oo 250 7.300 7.500 Yy 730
Model Radial Angle, ), Jdog --- 1ga 180 0 Rl 180 [t} 20 180 |
‘T'unnel Tunnet Tunnel
Run No, Angle of Attack, deg | Hotl Angle, deg L
30 0 4] 1 000 0,248080 [ 0, Q437 | U. 0474 | 0. 0286 ' 0,.0343 | ¢ 0330 | v 0436 | 0, 0272
31 0 L 1,000 U. 2018 | 0,0296 | 0,0278 | 0.U411 -—- 0,031 .0 0275 | L. U192
32 0 0 1,000 a.1100 | 0, 0241 ) 0 0245 --- 0.0311 | 0,0512 | 0.0254 10, 0246
33 0 0 1.000 0 M10] 0,041 0 0296 | 0 0392 | 0,029 | 0,03°5 | 0.0257 | 0.0258
12 0 0 1.000 02400 0,0450 1 0. 0430 | 0.0435 | U 0352 | 0,0316 | 0. 0237 [ 0.0270
13 5 0 0 9820 1 0.ATHT | 0.0321 | 0,0590 | 0,0408 | 0.0731 | L, 0G13 [0 0282 {0.0)h3
14 10 0 0,9700 { 0.1370 | 0. L2406 | O, 0898 | 0.03v8 | 0. V1B | U 1281 | 0, 02560 | 0,0140
15 70 0 0 BESLU | 0.070H} D.OIBS | 0,2730 | 0 0469 | 0,0154 {1 0.3120 | U. 0348 | 0, QLoD
17 5 180 0.9920 | 0 2800 0, 0591 ] 0,0325 [ 0.0410] 0,050} 0, 0215 | 0. 0284 | 0,0562
18 20 180 0,8830 | 0, 1610 ¢ 1890 | 0.01BY 0.0301| 04,2200 | 0, 0143 | 0, 0327 | 0,2207
19 10 180 0.9700 | 0.3350| 0 0730 0.0246 | 0 0374 U, 04936 | 0, Q185 1 U 0264 | 0.1118
21 10 | 90 0 0700 | 0.2760] 0.0530§ 0,0499 | --- 0,0340 | 0. U1y --- 00,0303
22 20 1 v 0,880 [ 0 °4u0| 0.Ub49 | 0,0519 --- 00,0602 | 4, 0183 --- 10 0370
24 20 180 0.8830 | 0,9920 | 0.2320 | 0.022) --- 0 4010 | U.01hY --- 0, 2810

13,630
11,0923

o3

0,

0

0,
u.

0

0.

0

0.
0.
0.

0

0.

u

4]

0316 |

0412
U204
0207
(353
0733
1920
3170
0206
LATIE]
161
0346
(1301
a1de

||¢.n¢o 13,890
111925 114,130
| ) 180
U u2eu --- ]
‘0,0201 10,0104
0. 028 --- ‘
N.0%5T |0 0279
0.0281 | 0. 0307
0 0279 | 0.0VILD
0.0207 | 0,0124
0.0447 | 0 0083
0.0265 [0 0732
Gus6c |0, 2410
0.0%73 10,1345
--- | 0.0384
--- 0 0481i
|

--- | 0, 2930

*See Sectwon I, 2,

vEZ-49-¥L-Da3V
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TEST CONDITIONS FOR CAL PRESSURE DISTRIBUTION DATA (REF. B)

TABLE

v

(TEST GAS: AIR)

F]itlll:ll\?é. ASSELE: (:lteg L SN W s 1077 /st M Re /i | po > 10, para Y UK g, e | L. s Pur PSR poE. psia
30 0 2510 36.1 11,65 (11,583 2,84 36G.8 0. 4264 8401 0. 7965 0. 7434
N 0 1170 36.0 14, 35 5,667 1. 50 142.¢0 | 0. 2155 8481 0, 402G 0, 3474
32 0 623 $6. 2 14,00 3,083 0.92 150, 1 0, 1258 840% 0, 2546 0. 2180
KR 0 1177 45,9 14, 37 5, 6567 1.4y 141.1 0. 2159 8364 0.4033 0. 3645
12 0 3303 37.5 13. 18 |19, 250 7.654 167.0 | 0.9587 8538 1.791% 1.5201
13 5 3923 37.¢6 5.17 |19, 250 7.59 167.9 0. 9641 85563 1.8019 1. 80890
14 10 3405 37.7 3.46 |19, 083 7.57 168.7 0. 9601 8569 1. 7945 I. 6830
15 20 3973 37.9 13.45 119, 250 7.72 1649.8 0,9770 8584 1, 8262 1. 6350
17 5 4005 38,1 13.43 |19, 1687 7.81 171.3 (0, 9863 8614 1.8147 1.8510
18 20 4073 38,0 13,44 119,667 7.93 170, 4 1,0032 8599 1. 8751 1.7400
19 10 3737 37.5 13,48 [ 18, 500 7.23 167.0 | 0.9191 8538 1. 7176 1, 6170
21 10 1030 38,6 13,42 [ 18, 917 7.83 173.4 | 0.90867 8661 1. 8417 1, 2950
22 20 BIW ) 38. 7 1.4, 41 (18,500 7.74 14,3 | 0,0737 8676 1,8205 1, 3850
24 20 d4H890 38.1 13,45 [ 18, 583 7.52 170.8 | 0.9518 8615 1. 7792 1. 3730

peZ-69-841-0403V
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TABLE V
EXPERIMENTAL FORCE COEFFICIENTS AND FREE-STREAM CONDITIONS

Source! L undel
Run No.
CAL 74
100-1n. (L) 79
S0~1n, (1) 1229
CATf, L)
CAT. 70
100 an, (F) 80
100-1n, {F} g2
100-1n. {7} 143
CAL 71
100-w. (¥} 8

Angle ol
Aitack, deg

=)

(>}

S
10
0
13
15
20
zZ0

LY (N G Py i | lo, °R ML, Ri /. | py x 10‘,p5m T,."K Qo =12 | UL opar | p)y psna
0,175 --- --- 3182 36,9% | 11,75 [ 13, 660 3,09 138.1 0.563 8405 1,051
0. 1060 --- --- 7744 3650 19.1 9, 250 1.19 37 0. 311 8400 0. 380
0.195 | 0,110 | -0, 180 6969 3189 18, 1» [ 13,118 1.64 55 0. 390 8115 0, 121
0.190 | 0.114 [ -0.175 3683 37.2% | 14,73 | 14, 200 3,81 138,45 0,594 8526 1,110
0,214 0,272 | -0, 422 5806 J7.6% | 14,71 [ 14, 117 4,04 141,.4 0.612 8572 1,143
0.215 | 0,271 | -0, 130 137 3450 19,7 9, 330 1,00 22 0. 273 8300 0.510
0.261 ] 0.448 | -0, 634 7943 4700 19,1 9, 000 1,24 60 0,324 9900 0. 603
0,243 | 0.465 | -0, 665 9747 2566 16, h 11, 242 5.63 b1 1.071 8082 2,000
0.283 | 0.645 | -0, 961 3692 36.7T¥ | 14.77 | 34, 250 3. 79 136.7 0.578 8464 1.UR0
0.304 | 0.661 | -0, 970 T474 3350 20,0 i0, 450 1.08 50 0. 284 3400 0.530

* 1, was not given, I, » 107° 1 N¥sec? was listed.

1See also Ret. 7 for ARDC-VKF 100-1n, Tunnel F and 30 1,

Tumnel H and Ref, & for CAL data.

yEC-S9-¥L-0Q3V
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TABLE VI

COMPUTED FORCE AND MOMENT COEFFICIENTS (y

1.4)

Source of Surface
Pressure Distri- Angle of Attack, Ca Cn Cu L/D G, /deg Cm,/deg
bution deg 1 a
GASL 0 0.1120 0 0 0 0.01620 | -0,02359
5 0.1182 |0.0905 L1337 1 0.635 | 0.02404 | -0. 03731
10 0.1399 |0.2452 .3761 | 1,204 ] 0.03465 | -0.05073
15 0.1614 |0.4284 .6294 | 1, 360 --- -
20 0.1976 |0.61861 . 8075 | 1. 290 --- ---
Modified Newtonian 0 0.1259 0 0 0 0.03042 | -0, 03969
5 0.1308 |0.1515 .2159 [ 0,972 | 0.02970 | -0.04128
10 0. 1453 |0.2982 L4255 | 1,377 ( 0.02970 | -0, 04199
15 0.1663 10,4520 .6473 | 1.418 --- ---
20 0,1901 |0.6236 ,8080 | 1, 329 --- ---

rEZ-§9-41-0d3V
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